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We report the time and temperature dependent response of thermopower in the non-magneti
perovskite oxide NdNiO3. We nd that on ooling below the metal-insulator transition temperature
the system evolves into a phase separated state whih onsists of superooled metalli and insu-
lating phases. This phase separated state exhibits out of equilibrium features suh as ooling rate
dependene and time dependene. The existene of these dynamial features is attributed to the
transformation of superooled metalli phases to the insulating state. On ooling a small fration of
superooled phases gets kinetially arrested in a glassy state and these superooled phases remain in
that state down to low temperature. In the heating yle the arrested states dearrest above 150 K
and this results in the reappearane of time dependent features.
PACS numbers: 64.60.My, 64.70.K-, 71.30.+h,
Keywords: Phase Separation, Hysteresis, Superooling, Relaxation, Time dependene, Metal-Insulator Tran-
sition
I. INTRODUCTION
First-order phase transition (FOPT) has been a topi
of fundamental importane in the eld of ondensed mat-
ter physis. The materials undergoing suh a transition
often exhibit a phase-separated state in the viinity of
the transition. The phase separated state in many FOPT
ompounds displays a variety of interesting phenomena
suh as olossal magnetoresistane, CMR,
1,2,3
time de-
pendent resistivity and magnetization,
4,5,6
dependene
of physial properties on rate of temperature hange
and enhaned 1/f noise.7,8,9 From the last deade on-
wards, the main fous of researh in FOPT studies is
entered around understanding the origin of the phase
separated state and its response to various perturba-
tions suh as magneti and eletri elds, pressure, x-
ray and laser illumination, strain, temperature variation
et.
10,11,12,13,14,15,16
These studies reveal that oexisting
phases have nearly equal free energies and the applia-
tion of an external perturbation dereases the free energy
of one phase relative to the other phase giving rise to a
large hange in the observed physial properties. Later it
has been found that even in the absene of any apparent
perturbations, suh as mentioned above, the relative vol-
umes of the oexisting phases an shift suh that the total
free energy dereases, whih results in time dependene
of physial properties at a xed temperature.
5,17
The existene of a mixed phase region with nearly
equal free energies have its origin in the phenomenon of
metastability, in partiular superooling or superheating.
In a rst order transition where heterogeneous nuleation
is missing, the high temperature phase an survive be-
low the thermodynami transition temperature TC as a
superooled (SC) metastable phase.
18
The homogeneous
nuleation will start when the thermal energy is of the or-
der of the free energy barrier that separates the SC state
from the ground state.
19
Eah SC phase has a harater-
isti temperature T ∗ known as the limit of metastability.
Below this temperature the energy barrier separating the
metastable state from the ground state vanishes and the
SC phase is free to ip to the ground state. The SC
phase will ip to the ground state only when their kinet-
is are not frozen ie their glass formation temperature
Tg is less than the limit of metastability T
∗
.
20
Now if
the glass forming temperature is higher than the limit
of metastability, the SC phase will remain trapped down
to low temperatures even when the free energy barrier
vanishes. On subsequent heating the kinetis of these
trapped phases will be restored to the metastable state
above the temperature T > Tg. In a phase separated sys-
tem where the SC phases are not trapped in a glass-like
state, the thermally ativated stohasti swithing of SC
phases to the ground state will give rise to non-Debye
relaxation in physial properties.
17
So for Tg < T
∗
time
dependent eets will be observed only in the ooling
yle, while for Tg > T
∗
time dependent eets will be
observable both in heating and ooling yle.
Here we have used the ompound NdNiO3 to under-
stand superooling and glass formation in a polyrys-
talline material where a distribution of SC regions o-
exist, with eah one of the dierent SC regions having a
unique T ∗.17 NdNiO3 belongs to the family of rare earth
nikelates and it undergoes a temperature driven metal
to insulator transition and a para to antiferromagneti
transition at 200 K.
21,22
Now for the study of the dy-
namis of a phase separated system suh as NdNiO3 the
ideal probe to determine the frational volume of the on-
stituting phases ould perhaps be a muon spin relaxation
experiment.
23
But for the lak of aess to suh failities
we depend on transport properties suh as resistivity and
thermopower to probe the system. These measurements
suer from the eets of perolation and inter-rystallite
ontat resistane and do not allow us to do an au-
rate estimate of the onstituent volume frations at tem-
peratures far below the perolation threshold.
24
While
thermopower and resistivity measurements on NdNiO3
as funtions of temperature has been reported earlier by
others, in this work we fous our attention on the dy-
2namial aspets of the M-I phase transition through time
dependent thermopower measurements. We nd that at
temperatures far below the perolation threshold, ther-
mopower measurements are more sensitive to the pres-
ene of minority phases than that of resistivity. Further
investigations suggest that on ooling the sample below
the metal-insulator transition temperature, TMI , while a
majority of SC regions transform to the insulating state,
a small fration of SC regions get kinetially arrested in
a glassy state. These SC regions present in the glassy
metalli state exist down to low temperatures.
II. EXPERIMENTAL DETAILS
Polyrystalline NdNiO3 samples in the form of 6 mm
diameter and 2 mm thik pellets were used in the ther-
mopower measurements. The details of sample prepa-
ration and haraterization are desribed elsewhere.
25
A
temperature of 1000
◦
C and oxygen pressure of 200 bar is
required to get good quality samples.
Below TMI (200 K) NdNiO3 is not in thermodynami
equilibrium and it relaxes with time and thus any ex-
perimental result would depend on the proedure used
for the measurement. We used the following proedure.
While ooling we start with 300 K with the two sides
of the NdNiO3 pellet kept at a temperature dierene of
2 K, and then reord the voltage (Vmeas) in steps of 1 K
after allowing the temperature to stabilize at eah point
for about 30 s. In between two temperature points the
sample was ooled at a xed ooling rate of 2 K/min.
During this proess also are was taken to ensure that
the temperature dierene between the two ends of the
sample remained at 2 K.
26
This proedure ensures that
the two ends of the sample smoothly vary with tempera-
ture without any intermediate thermal osillation. This
ondition is important sine in our earlier measurements
we have observed that thermal osillations hange the
physial state of the system.
17
To remove the eet of
any stray thermo emf in the system, we reorded the
voltage aross the sample with the ends at zero temper-
ature dierene (Vtare) in a dierent run under idential
experimental onditions. This stray voltage Vtare was
subtrated from Vmeas at eah temperature before alu-
lating the absolute thermopower. After the ooling run
was over the heating data were olleted at every 1 K
interval. The heating rate between two points was the
same as the ooling rate used earlier. This yle of mea-
surement was also repeated with a dierent ooling and
heating rate of 0.2 K/min.
It was observed that the thermopower above 200 K
does not show any time dependene, and is independent
of the history of the measurement. So to avoid the ef-
fet of any previous measurements all the time dependent
measurements used the following protool: for ooling y-
le, rst take the sample to 220 K, wait for half an hour,
and then ool at 1.0 K/min to the temperature of interest
and one the temperature is stabilized reord the ther-
mopower as a funtion of time. In the heating yle the
time dependent thermopower was done in a similar way:
rst take the sample to 220 K, wait for half an hour, then
ool at 1.0 K/min to 85 K and then heat at 1.0 K/min
to the temperature of interest, and one the temperature
stabilized reord the thermopower as a funtion of time.
It was ensured that the temperature dierene between
the two ends of the sample was kept xed at 2 K during
all these measurements.
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Figure 1: (Color Online) (a) Temperature versus ther-
mopower for NdNiO3 for the ooling/heating rate of
2.0 K/min and 0.2 K/min. (b)Temperature versus resistiv-
ity for NdNiO3 for the ooling/heating rate of 2.0 K/min and
0.2 K/min. Inset shows the expanded view of the resistivity
plot, obtained while ooling, lose to the temperature where
the metalli perolation eases (144 K).
3III. RESULTS
Figure 1(a) shows the thermopower of NdNiO3 as a
funtion of temperature. The thermopower is multiple
valued, the ooling and heating data diering signi-
antly from eah other and forming a large hysteresis
loop. The sign of thermopower remains negative both in
the metalli and insulating state whih indiates that the
harge arriers are eletrons in both states. On ooling
the sample below 300 K, the magnitude of thermopower
dereases in magnitude till 200 K. Below this tempera-
ture the thermopower shows a strong temperature depen-
dene with its magnitude attaining a maximum at about
115 K. The thermopower data indiates that NdNiO3 un-
dergoes a metal to insulator transition at 200 K whih
is onsistent with the resistivity (see Figure 1(b) ) and
earlier thermopower measurements.
22
Below 115 K, the
thermopower data does not follow the band gap model
(|S| ∝ 1/T ), unlike resistivity. A small jump in the
thermopower has been observed at around 105 K, whih
is the region where the volume fration of the metalli
phases is small. Suh behavior has been predited from
Bergman and Levy's theory of eetive thermopower of
mixed phase systems and has been experimentally ob-
served in Al-Ge thin lms
24,27
.
Below the M-I transition, thermopower shows a signif-
iant dependene on the rate of temperature hange. See
Figure 1(a). A slower ooling rate of 0.2 K/min yields
a higher absolute thermopower than that of the faster
ooling rate 2.0 K/min. This rate dependene of ther-
mopower is more readily seen below 125 K during a ool-
ing run, while in resistivity, the ooling rate dependene
is more signiant near 145 K where the perolation of
the metalli regions ease. In the heating yle ther-
mopower exhibits a large rate dependene at low tem-
peratures and this rate dependene persists upto about
180 K before disappearing as we inrease the tempera-
ture towards TMI . In ontrast to this we did not nd
any signiant heating rate dependene in the resistivity
data(See Figure 1(b)).The presene of ooling and heat-
ing rate dependene in the thermopower data indiates
that the system is not in its thermodynami equilibrium
both in ooling and as well as heating yle. These ob-
servations are orroborated by the data shown in Figure
2 and Figure 3.
Figure 2 displays a subset of the time dependent ther-
mopower data reorded at xed temperatures in the ool-
ing run. The data are presented as S(t)/S0, where
S0 ≡ S(t = 0), so that the values are normalized for easy
omparison. We found that below 170 K, the absolute
value of thermopower inreases with time. A maximum
relative inrease in thermopower of about 14 % was ob-
served for a period of one hour at 152.5 K. The time
dependene of thermopower is lower both above and be-
low this temperature. Below 120 K, we did not nd any
detetable time dependene in the system. All the time
dependene data were tted to a strethed exponential
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Figure 2: (Color Online) Time dependene of thermopower
while ooling, at various temperatures in the range of 157.5-
120 K, for a period of one hour
# T(K) S1/S0 τ (10
3
s) γ χ2/DOF R2
1 140.0 0.0426(1) 3.12(2) 0.729(1) 0.34 0.99705
2 145.0 0.0812(1) 3.09(2) 0.782(1) 1.3 0.99837
3 147.5 0.0905(2) 2.53(1) 0.896(1) 2.3 0.99853
4 150.0 0.118(1) 2.34(1) 0.826(1) 3.2 0.99861
5 152.5 0.231(1) 3.62(2) 0.776(1) 5.3 0.99905
6 155.0 0.0673(2) 2.58(1) 0.834(2) 7.2×10
3
0.99687
Table I: Fit parameters for a subset of time dependene data
shown in Figure 2. The degrees of freedom of the ts DOF ≈
1000. The χ2/DOF for 155K is too large, indiating that we
have underestimated the error in thermopower in this ase.
Anyway, we note that, the R2 values are onsistently good
and indiate reasonably good ts.
form
S(t) = S0 + S1
(
1− e−(
t
τ )
γ
)
(1)
where S0, S1, τ and γ are t parameters with S(t), S0 and
S1 having negative value. The ts are quite good with
R2 value greater than 0.995 in most ases. See table 1.
Figure 3 shows a part of time dependent thermopower
data reorded at xed temperatures in the heating runs.
We did not nd any signiant time dependene up to
150 K. Above 150 K, the magnitude of thermopower in-
reases with time. The maximum relative inrease in
thermopower in one hour is around 1% whih is muh
smaller than that seen in the ooling runs. Above TMI ,
the thermopower data is stable and no time dependene
or ooling/heating rate dependene was observed .
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Figure 3: (Color Online) Time dependene of thermopower
while heating from 85 K, at various temperatures in the range
of 150 -200 K, for a period of one hour
IV. DISCUSSION
The presene of out of equilibrium features in ther-
mopower is similar to that observed in our resistivity
measurements reported earlier.
17
Based on those obser-
vations we had proposed a model to understand the be-
havior of the phase separated regime. The model is as
follows: The high temperature metalli phase survives
below the metal to insulator transition in its superooled
metastable state. The superooled metalli phase is not
a single entity, but instead is made up of various regions
whih an make a transition or swith from the metal-
li to the insulating state independent of the neighboring
regions. These regions are referred to as swithable re-
gions (SR). Eah SR in its metalli state has to ross an
energy barrier U to go to its insulating state and the bar-
rier strength was determined to be U = cV (T − T ∗)1/4,
where V is the volume of the SR, T ∗ is its temperature
of metastability, and c is a onstant. An SR will swith
to the insulating state if (a) it attains its temperature of
metastability or (b) it gains enough energy from thermal
utuations so that it an ross the energy barrier U .
For T ∗ < T < TMI and Tg < T , superooled phases will
swith over to the insulating state stohastially whih
will ause time dependene in the physial properties.
No time dependene in resistivity was observed in the
heating yle.
17
On the basis of this it was laimed that
all the SR's swith to the insulating state on ooling im-
plying that T ∗ > Tg for all of them.
In thermopower measurements, during ooling, we got
the maximum time dependene at around 152.5 K while
in the ase of resistivity the maximum time dependene
ours around 145 K. The maximummagnitude of hange
in thermopower in one hour (∆S) is ≈ 14 %, whih is
muh smaller than that of resistivity (∆ρ ≈ 200%).17
We notie that the hange in thermopower in one hour
∆S is muh loser to the hange in insulating volume
fration (∆V ≈ 8%).17 The time dependene of ther-
mopower in the ooling yle an be understood on the
basis of our model. As we have disussed in the previ-
ous paragraph, below TMI , the SR's present in the SC
state stohastially swith to the insulating state whih
enhanes the volume fration of insulating phase with
time. This inrease in insulating volume fration results
in a higher magnitude of thermopower. Thermopower
being a transport property, the hange in thermopower
is also aeted by perolation eets and thus the be-
havior of time dependene of thermopower and the time
dependene of insulating volume fration will not have a
one-to-one monotoni orrespondene.
Below 120 K no detetable time dependene was ob-
served in the thermopower, but ooling rates of 2 K/min
and 0.2 K/min lead to slightly dierent low temperature
states with diering thermopower. This suggests that
a tiny fration of SR's must remain in the superooled
state even below 120 K. Sine we did not nd any time
dependene below 120 K, we argue that the kinetis of
these SR's are arrested and and they end up in a glass-
like state. Now, the question arises why there is no rate
dependene in resistivity below 120 K neither in ool-
ing runs nor in the subsequent heating runs. To answer
this question we suggest that the small fration of SR's
trapped in the glassy state are not detetable in a re-
sistivity measurement. This idea is in onsonane with
the fat that thermopower measurements show a small
time dependene of about 1% over a period of an hour
in heating runs (Figure 3) while no detetable time de-
pendene was observed in the heating runs of resistivity
measurements.
17
The advantage of thermopower over resistivity in de-
teting tiny amounts of SC metalli regions (SR's) dis-
persed in an insulating matrix an perhaps be understood
as follows. When the fration of SC metalli regions is
small they will be ompletely surrounded by insulating
regions. Now the net ontribution of a tiny metalli re-
gion embedded in an insulating matrix on the total resis-
tivity of the material will be determined by the resistane
of the metalli region plus its inter-rystallite resistanes
in the urrent path. Now we onjeture, based on our
experiene on the ontat resistane of polyrystalline
NdNiO3, that the inter-rystallite resistane between a
metalli and an insulating rystallite will be very high
ompared to the resistane of the metalli rystallite.
This implies that the tiny metalli region will be essen-
tially shut out of the urrent path and will not be able
to aet the resistivity of the material signiantly. The
boundary eets are muh less signiant in the ase of
thermopower ompared to resistivity beause the thermal
ondutivities of the metalli and insulating regions are
omparable and this makes the thermopower sensitive to
the embedded metalli regions.
28,29
In a heating run, the SR's present in a glassy state will
remain arrested in that state till their respetive Tg's
5are attained. In ooling runs we found time dependene
down to 120 K while in heating runs we did not nd
any time dependene until 150 K whih suggests that
the SR's whih are arrested in the glassy state have their
Tg's above 150 K. On heating the system above 150 K,
the kinetis of the SR's gets dearrested and it an ross
the free energy barrier U and ip to the insulating state
with a probability of ipping ∝ exp(−U/kBT ). In the
time dependene data presented in Figure 3 the ipping
of the SR's to the insulating state raises the insulating
volume fration with time and this enhanes the magni-
tude of thermopower with time. The fat that we get
notieable time dependene all the way upto TMI sug-
gests that the Tg's are distributed quite broadly upto
TMI . We might now say that eah SR has a unique tem-
perature of metastability T ∗ and a unique temperature
of kineti arrest Tg. In a ooling run, the majority of the
SR's present in the superooled state swith to the insu-
lating state by the time their T ∗ is attained and only a
small fration of SR's get arrested in the glassy state and
this suggests that the majority of the SR's have their T ∗
greater than Tg.
V. CONCLUSION
Our experimental results and analyses suggest the fol-
lowing piture for the NdNiO3 system. Below TMI the
system onsists of SC metalli and insulating regions.
Eah of the SC metalli region has a unique tempera-
ture of metastability T ∗ and a unique temperature of
kineti arrest Tg. For the majority of the SC regions T
∗
is greater than Tg. Thus when the sample is ooled be-
low TMI , while the majority of the SC regions swith to
insulating state when their temperature of metastabil-
ity is reahed, a small fration of the SC regions whih
have Tg > T
∗
get arrested in a glassy state and remain
in that state down to low temperature. Suh SC regions
have their Tg greater than about 150 K. In a heating run,
these SC metalli regions remain trapped in their glassy
metalli state till their temperature of kineti dearrest
(Tg) is reahed. Above this temperature, these regions
swith over to the insulating state stohastially.
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